that activates vascular smooth muscle BK Ca channels, hyperpolarization and vasodilation. This is the first study to identify the mechanism for PlGF/VEGFR-1 resistance artery dilation in the pregnant state, whose attenuation likely contributes to the systemic hypertension characteristic of preeclampsia.
vessels [9] , rat aorta and renal arterioles [6, 10] . Earlier, we found PlGF to be a potent vasodilator of human and rat resistance arteries from several circulations (splanchic, uterine, subcutaneous [11] ). The contribution of nitric oxide (NO) was assessed using NOS inhibition with L -NAME, and found to vary substantially with vessel type; for example, NOS inhibition virtually eliminated uterine artery dilation to PlGF, while the effects of L -NAME in mesenteric vessels were negligible.
In view of the prevalence of PlGF in pregnancy, and the accumulating evidence for the attenuation of its signaling contributing to the etiology of preeclampsia, the purpose of this study was to determine the mechanisms involved in its vasodilatory actions on isolated, pressurized third-order mesenteric arteries from pregnant rats by examining its dependence on: (1) the endothelium, (2) endothelial-derived hyperpolarization factor (EDHF) and (3) potassium channel (SK Ca , IK Ca and BK Ca ) activation. The splanchnic circulation accounts for approximately 40% of the systemic vascular resistance, and therefore contributes significantly to blood pressure regulation in both normotension and hypertension. Our working hypothesis was that PlGF dilation of mesenteric resistance arteries (MRA) was primarily endothelium dependent and mediated by EDHF through mechanisms linked to potassium channel activation.
Materials and Methods

Isolated Rat Mesenteric Artery Reactivity
Adult (12-to 14-week-old) pregnant Sprague-Dawley rats were purchased from Charles River (Canada) and shipped to the University of Vermont. All procedures were approved by the Institutional Animal Care and Use Committee. Third-order MRA were obtained from late pregnant (LP; day 20/22 of gestation, n = 32) animals following euthanasia with an injection of methohexital sodium (Brevital, 50 mg/kg, intraperitoneally) and decapitation in a small-animal guillotine. Isolated pressurized vessels were used to test the dilatory effects of PlGF. A section of the gut 5-10 cm distal to the pylorus was removed and placed in separate Petri dish containing aerated cold (4 ° C) physiological salt solution (PSS). Arterial segments (1-2 mm long) were dissected free from connective and adipose tissue and transferred to the chamber of a small-vessel arteriograph. One end of the vessel was tied onto a glass cannula and flushed of any luminal contents by increasing the pressure before securing the distal end onto a second cannula using a servo-null pressure system (Living Systems Instrumentation). All vessels were continuously superfused with aerated (10% O 2 , 5% CO 2 , 85% N 2 ) PSS at 37 ° C and initially pressurized to 50 mm Hg and equilibrated for 45-60 min before beginning experimentation. Lumen diameter was measured by transilluminating each vessel segment and using a video dimension analyzer (Living Systems Instrumentation) in conjunction with data acquisition software (IonOptix Inc.) to continuously record lumen diameter. Following equilibration, all vessels were preconstricted with phenylephrine (0.1-0.7 M ) or potassium (30 m M , only for depolarization experiments) to produce a 40-50% reduction in baseline diameter. Once constriction was achieved and stable for about 10 min, PlGF-2 (mouse; R&D Systems) was added at a concentration of 3 ! 10 -9 M (an intermediate concentration [11] ), and the resulting dilation was recorded. Some arteries were denuded of the endothelium by air perfusion, and the effectiveness of denudation confirmed by the lack of dilation to acetylcholine (10 -6 M ). Additional experiments using pharmacological blockade of NOS and cyclooxygenase (COX) were carried out using several inhibitors, for example N -nitro-L -arginine ( L -NNA; 10 -4 M ) + N -nitro-L -arginine methyl ester ( L -NAME; 10 -4 M ) for NOS and indomethacin (10 -5 Heat-polished glass cannulas were used in all experiments to prevent accidental damage of endothelium during the cannulation procedure and to avoid diffusion of fura-2 to the endothelial layer. Smooth muscle cell (SMC) loading with fura-2 was performed by extraluminal incubation of pressurized (10 mm Hg) mesenteric arteries in fura-2 AM (5 M ) solution at room temperature in the dark for 60 min. Fura-2-loaded arteries were washed 2-3 times, and then continuously superfused with aerated PSS at 37 ° C. Ratiometric measurements of fura-2 fluorescence from SMC were performed using a photomultiplier system (IonOptix Inc.). Experimental ratios were corrected for background fluorescence taken from each artery before loading with fura-2. Background-corrected ratios of 510-nm emission were obtained at a sampling rate of 5 Hz from arteries alternately excited at 340 and 380 nm. The arterial lumen diameter was simultaneously monitored using the IonWizard acquisition system (IonOptix Inc.).
All experimental protocols were started following an additional 15-min equilibration period at 10 mm Hg to allow intracellular de-esterification of fura-2 AM. SMC [Ca 2+ ] i was calculated using the following equation [12] 
, where R is an experimentally measured ratio (340/380 nm) of fluorescence intensities, R min is a ratio in the absence of [Ca 2+ ] i and R max is a ratio at Ca 2+ -saturated fura-2 conditions, ␤ is a ratio of the fluorescence intensities at 380-nm excitation wavelength at R min , and R max ! R min , R max and ␤ were determined by an in situ calibration procedure in the presence of ionomycin (10 M ) and nigericin (5 M ). The K d (the dissociation constant for fura-2) was 282 n M , as determined by in situ titration of Ca 2+ in fura-2-loaded small arteries [13] .
Drugs and Solutions
All chemicals were purchased from Sigma Chemical, including salts for physiological solution, L -NNA, L -NAME, indomethacin, phenylephrine, diltiazem, papaverine, apamin, TRAM-34, charybdotoxin and iberiotoxin. PlGF-2 (mouse) was purchased from R&D Systems. 
Statistical Analysis
Relaxation to PlGF was expressed as percent of maximal diameter, which was determined at the end of each experiment by the addition of a diltiazem (10 M ) + papaverine (100 M ) cocktail. Data are expressed as means 8 SEM, where n is the number of arterial segments studied. The n values refer to both number of vessels and number of animals. Differences in responses between groups were determined with one-or two-way ANOVA followed by a post hoc Bonferroni test for repeated-measures analysis. Differences were considered significant at p ^ 0.05.
Results
Based on an earlier study [11] , a single intermediate concentration of PlGF (3 n M ) was used to standardize the vasodilatory stimulus. As shown in figure 1 , this concentration consistently produced vasodilation that averaged 64 8 3.8% of the maximal vasodilation achieved in a relaxing solution containing diltiazem and papaverine.
PlGF-induced vasodilation was closely correlated with a reduction in vascular smooth muscle (VSM) calcium, as seen in the tracing from one vessel shown in figure 2 . Note the close association between oscillations in calcium and arterial diameter, as well as the gradual reduction in both average and phasic changes in calcium induced by PlGF over a period of 8-10 min. By comparison, both calcium and diameter responses were much more rapid in response to ACh, with maximal effects observed within a minute of drug application.
In subsequent experiments, the protocol was modified slightly to include a brief (10-15 min) washout period prior to a second stimulation with the same concentration of PlGF (3 n M ). As seen in figure 3 , the reductions in VSM calcium and the extent of vasodilation were both significantly increased in response to the second application of PlGF. The half-time (T 1/2 ) of the vasodilator response was also significantly reduced from 437 8 41 to 177 8 20 s (n = 7); by comparison, T 1/2 for the ACh effect was only 11 8 1 s (n = 7). Thus, in contrast to the tachyphylaxis commonly observed in response to vasoactive stimuli, pre-exposure to PlGF significantly potentiated its subsequent effect.
PlGF vasodilation was eliminated by endothelial denudation ( fig. 1 ) . Moreover, in intact vessels, preincubation with two NOS inhibitors ( L -NAME, L -NNA) and a COX inhibitor (indomethacin) only reduced the extent of dilation by half, to an average of 28 8 4.0% relative to maximal (p ! 0.01; fig. 1 ).
To evaluate the involvement of the EDHF in the significant residual response, vessels were preconstricted to a comparable extent (40-50%) with a 30 m M potassiumdepolarizing solution instead of phenylephrine, thereby preventing hyperpolarization. As shown in figure 4 , in the presence of NOS + COX inhibition, vasodilation to PlGF was completely eliminated, pointing to EDHF/potassium channel involvement.
In the last series of experiments, preconstriction was induced with phenylephrine, and vessels preincubated with potassium channel inhibitors prior to the addition of PlGF. As shown in figure 5 , the combination of apamin and charybdotoxin (SK Ca and IK Ca /BK Ca channel inhibitors, respectively), or of apamin or iberiotoxin alone, effectively blocked PlGF vasodilation. In contrast, TRAM-34 (an IK Ca potassium channel inhibitor) was without effect ( fig. 5 ). 
Discussion
The main findings of this study are that (1) PlGF vasodilation of mesenteric arteries from pregnant animals is entirely endothelium dependent, (2) the significant residual vasodilatory component seen in the presence of NOX + COX inhibition is due to an EDHF mechanism, and (3) the signaling pathway involves a combination of SK Ca and BK Ca potassium channel activation that induces a reduction in VSM cytosolic calcium secondary to membrane hyperpolarization, most likely from a diffusible molecule derived from the endothelium.
VEGF vasodilation is mediated mainly by VEGFR-2 through varying mechanisms in different blood vessels [8, 15, 16] . Much less is known about the vasodilatory effects of PlGF, which only binds to the VEGFR-1 receptor [17] , whose physiological functions are not well understood. Plasma concentrations of PlGF increase substantially during pregnancy, rising more than 8 times above control levels [1] [2] [3] .
Excess soluble VEGFR-1 (sFlt-1) is associated with preeclampsia in women, and its overexpression induces a preclampsia-like syndrome in rats [6, 18, 19] that is thought to result from the reduced availability of VEGF and PlGF to tissues. We recently documented a potent vasodilatory effect of PlGF on resistance vessels from women and rats [11] , including an effect on uterine vessels from both species that suggests that PlGF may augment uterine blood flow during pregnancy. These observations suggest that loss of PlGF/VEGF vasodilatory influence at the level of the vascular wall may reduce uteroplacental blood flow and impair flow-induced expansive remodeling, as has been observed in the uterine circulation under conditions of systemic NOS inhibition [20] .
Because the mesenteric circulation contributes significantly to total peripheral resistance, and in view of reports associating reduced PlGF/VEGF signaling with preeclampsia [4, 5, 21, 22] , we were interested in better understanding the action of PlGF on resistance arteries from the gut. The potent vasodilatory effect observed in intact MRA was lost in denuded arterial segments, demonstrating that the endothelium was both necessary and sufficient for its action. Although other studies have documented PlGF vasodilation in other types of vessels [7] [8] [9] , this is the first proof of its endothelial dependence in resistance vessels, and during pregnancy.
The next series of experiments were aimed at identifying the nature of the endothelial vasodilator-derived factors that mediate the PlGF vasodilation. It is well known that pregnancy increases the expression of both NO and EDHF, the latter especially in resistance arteries [23] [24] [25] [26] [27] . Here, we used an intermediate concentration of PlGF (3 n M ) to examine the dilatory mechanism. For reference, physiological concentrations of free PlGF in pregnant women are approximately 30 n M (500 pg/ml).
Approximately half of the overall effect remained in the presence of NOS + COX inhibition, pointing to a significant EDHF component. Complete inhibition of vasodilation by preconstriction with potassium-depolarizing solution was confirmatory in this regard.
The involvement of VSM calcium handling mechanisms can be seen in the fura-2 data, which show the close correlation between oscillations in intracellular calcium and vessel diameter, exhibited as vasomotion. Application of PlGF produced a slow decline in calcium concentrations and a gradual vasodilation that took almost 10 min to stabilize. Conversely, the action of ACh was swift, with full dilation in 30-60 s.
These kinetics likely reflect differences between tyrosine kinase and muscarinic receptor pathway activation. Interestingly, in contrast to the tachyphylaxis often seen in response to vasoactive stimuli in vitro [28] , a second application of PlGF produced a greater reduction in VSM calcium and larger vasodilation. VEGF and PlGF signaling is thought to involve receptor dimerization [29] , and it is possible that the initial exposure to PlGF facilitated subsequent responses via this mechanism (i.e. stimulated the formation of homodimers, and their associated submembrane signaling linkages that increase both the speed and the amplitude of the vasodilatory response to repeated stimulation). This hypothesis, while speculative, is supported by the fact that the half-time to maximal response was reduced 1 60% in response to the second stimulus. Although cross-talk and interactive signaling have been described for PlGF/VEGF receptors [30] , it is not known whether these mechanisms pertain to vasodilatory responses.
Although the number of candidate molecules for EDHF is growing [31] [32] [33] , its identity is still not established and may differ in vessel types [34] . On the other hand, it is generally accepted that endothelial SK Ca and IK Ca channels play a pivotal role in mediating EDHF effects in many microcirculatory vascular beds [25, [35] [36] [37] .
A determination of the cellular distribution of potassium channel subtypes in MRA was beyond the scope of this study. Several recent reports [38, 39] support the localization of SK Ca channels on the endothelium. The combined observations of PlGF dilation being completely endothelium dependent and of its action being abolished by apamin strongly suggests a linkage between the VEGFR-1 receptor and the SK Ca potassium channel subtype in the endothelium. Similarly, the effects of iberiotoxin point to a role for BK Ca channels, whose localization is thought to be primarily on VSM rather than endothelium [38, 39] . Based on these results, we suggest that PlGF vasodilation of MRA involves its binding to the VEGFR-1 receptor on the endothelium and an activation of SK Ca channels that stimulate endothelial cell hyperpolarization. The effects of iberiotoxin may be interpreted in support of the EDHF being, in this case, a diffusible molecule that activates VSM BK Ca channels, leading to hyperpolarization, a reduction in cytosolic calcium and vasodilation [39] .
From a pathophysiological perspective, PlGF signaling is of clinical interest, since a number of studies have shown that its attenuation leads to preeclampsia in women. Additional studies have confirmed excess soluble VEGR-1 (sFlt-1) as well as reduced free PlGF (and VEGF) levels in preeclamptics, and have correlated the magnitude of changes with severity of hypertension [6] .
The signaling pathways that result from VEGFR-1 activation in the vascular wall as well as their intracellular linkages are not well understood; in some cases, it has been viewed as a decoy receptor with little physiological significance [40, 41] . In contrast, the results of this study point to an important vasoactive role for endothelial VEGFR-1 (Flt-1) during pregnancy, and one that has a significant EDHF component. In view of the upregulation of EDHF signaling noted in several studies on resistance arteries [21, 26] , and of the potency of PlGF as a vasodilatory stimulus, we believe that VEGFR-1 (Flt-1 rather than sFlt-1) signaling within the vascular wall deserves closer investigation with regard to its potential to influence both systemic blood pressure and regional (for example, uteroplacental) blood flow in the pregnant state.
